The widespread occurrence of vaginal candidiasis and the development of resistance against anti-fungal agents has stimulated interest in understanding the pathogenesis of this disease. The aim of our work was to characterize, in an animal model of vaginal candidiasis, the mechanisms that play a role in the induction of mucosal immunity against C. albicans and the interaction between innate and adaptive immunity. Our studies evidenced the elicitation of cell-mediated immunity (CMIs) and antibody (Abs)-mediated immunity with a Th1 protective immunity. An immune response of this magnitude in the vagina was very encouraging to identify the proper targets for new strategies for vaccination or immunotherapy of vaginal candidiasis. Overall, our data provide clear evidence that it is possible to prevent C. albicans vaginal infection by active intravaginal immunization with aspartyl proteinase expressed as recombinant protein. This opens the way to a modality for anti-Candida protection at the mucosa. The recombinant protein Sap2 was assembled with virosomes, and a vaccine PEVION7 (PEV7) was obtained. The results have given evidence that the vaccine, constituted of virosomes and Secretory aspartyl proteinase 2 (Sap2) (PEV7), has an encouraging therapeutic potential for the treatment of recurrent vulvovaginal candidiasis.
Introduction
The majority of human infections by Candida occur at the mucosa [1, 2] . Several epidemiological studies [3] [4] [5] [6] [7] have documented that vulvovaginal candidiasis is a widespread, common disease affecting up to 75% of healthy women, with some of them affected by recurrent, often intractable forms of the disease. Recurrent vulvovaginal candidiasis (RVVC) is a much more serious clinical condition due to the recurrences of symptoms (four or more episodes per year) and for its refractoriness to successful treatment. Long-term maintenance therapy with fluconazole may help lengthen the asymptomatic periods between recurrences, but does not provide a long-lasting cure [5] . Recent epidemiological investigations have suggested that the prevalence of RVVC may be higher than previously estimated and can be as high as 7%-8% of women who experience a first episode. In these cases, the quality of life is devastated, and the associated cost of medical visits is high. Anti-fungal therapy is highly effective for individual symptomatic attacks, but does not prevent recurrences. In fact, maintenance therapy with an efficacious anti-Candida drug lengthens the time to recurrence, but does not provide a long-term cure [5, 6] . Furthermore, there is concern that repeated treatments might induce drug resistance, shift the spectrum of causative Candida species and result in an increased incidence of non-C. albicans, intrinsically-resistant species [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] .
Moreover, in contrast to systemic candidiasis, relatively little is known about the role of mucosal immunity in protection against Candida. The widespread occurrence of mucosal candidiasis and the development of resistance against anti-fungal agents has stimulated interest in understanding the components of the host-fungus interaction at the mucosa and can result in the optimization of preventive and therapeutic antifungal strategies.
C. albicans is capable of colonizing and persisting on mucosa of the oral cavity and of the gastrointestinal and genitourinary tracts of healthy humans and also of stimulating mucosal responses. Odds [17] has suggested that 40%-50% of any given sample population temporarily or permanently carries this fungus in their gastrointestinal tract.
The virulence factors of Candida that play a role in mucosal infections are: adherence, dimorphisms with antigenic variations, enzyme production, especially proteinase secretion, and cell surface composition [18] [19] [20] [21] [22] [23] [24] . The formal demonstration of the role in infection has been obtained for some of these factors by the use of knockout mutants and reinsertion of relevant genes [19] [20] [21] [25] [26] [27] . Adhesins play an important role in the pathogenesis of mucosal candidiasis by facilitating adherence to vaginal tissue [26, [28] [29] [30] . Virulence expression is also promoted by the capacity of this fungus to form hyphae, i.e., long, apically-growing threads endowed with a multiplicity of immune-evasion mechanisms and greatly favoring implantation on the mucosa [31] [32] [33] . There is clear evidence that the capacity of C. albicans to develop hyphae is required for vaginal infection [27, [34] [35] [36] . Tissue sections of animal vaginas show that hyphae strongly adhere to the keratinized surface of the vaginal epithelium with some hyphal tips slightly infiltrating the subepithelial layer [36, 37] . There is a clear demonstration that each deletion of relevant genes affecting hyphal transition determines the decrease or abolition of experimental pathogenicity [20, 27] .
Strains of C. albicans that lack the capacity to undergo the dimorphic transition are typically non-pathogenic [38, 39] . Naglik and collaborators showed that the two forms of growth are discriminated by activation of distinct MAP kinase pathways [40] .
Enzyme secretion, in particular aspartic proteinase (Sap), a family of at least 10 enzymes, plays a role in vaginal candidiasis. In fact, mutants of C. albicans with Sap1-3 knock-out genes do not cause vaginal infection in rats and lose the capacity to damage the reconstituted human vaginal epithelium, both pathogenic activities being regained following re-insertion of the relevant gene [25, 41] . No such inference could be made with Sap4-6 KO mutants, even when the triple mutant was used [25] .
In order to obtain possible insights into the host factors involved in the defense against vaginal candidiasis, we have long been employing a rat model of vaginal infection that has similarities to human disease, including the vaginal CD4/CD8 T-cell ratio [42, 43] . In this model, an initial self-healing infection confers a high degree of protection against subsequent re-infection by C. albicans [42] . The protection is associated with the presence of protective antibodies against Candida constituents in the vaginal fluids and an increased number of activated lymphocytes in the vaginal mucosa [44, 45] . The adoptive transfer of vaginal lymphocyte (VL) populations showed that distinct lymphocyte subsets participated in the adaptive anti-Candida immunity in the vagina and demonstrated not only that CD4 + T-cells were essential for protection, but also that other cellular types were probably involved [46, 47] . Vaginal dendritic cells (VDCs) from infected rats induced the proliferation of T-cells and the release of high levels of IL-2, IFNγ and IL-6 and low levels of IL-10. The animals receiving VDCs from C. albicans-infected rats showed reduced (50%) C. albicans CFU counts [48] .
Moreover, the specific objectives of our works were to identify the proper targets for new strategies for vaccination or immunotherapy of vaginal candidiasis.
The data reported in this review are a summary of our studies on the mechanisms induced in the vagina during Candida infection and of our research to identify specific Candida molecules potentially useful for vaccination or immunotherapy of vaginal candidiasis.
More detailed information about the epidemiology, diagnosis, current treatments of the infection and recent studies for the development of protective vaccine are included in excellent reviews already published on this subject [5, 12, [49] [50] [51] [52] [53] [54] [55] .
Summary of Our Studies to Identify the Proper Targets for New Strategies for Vaccination or Immunotherapy of Vaginal Candidiasis
The evidence of an immune response in the vagina was very encouraging to identify the proper targets for new strategies for vaccination or immunotherapy of vaginal candidiasis. Active intravaginal immunization with native mannoprotein (MP) or secretory aspartyl proteinase (Sap) conferred an elevated degree of antibody-mediated protection against vaginal infection by C. albicans [25, 42, 44, 45] . Furthermore, we have evidenced that intranasal and intravaginal immunizations with MP or Sap and CT, as mucosal adjuvant, were equally effective at inducing specific antibody response in the vagina and conferring a high degree of protection against vaginal infection by C. albicans [56] . In the context of generating a candidate vaccine against mucosal candidiasis, the availability of a recombinant product would greatly assist overcoming the well-known difficulties in obtaining, purifying and standardizing a native antigen. We were working with two recombinant proteins: an aspartyl-proteinase Sap2 and a protein of 65 kDa that we call MP65, which are important immune-dominant antigens and virulence factors of C. albicans acting in mucosal infections [35, 57] .
Overall, the results of our studies evidenced that intravaginal immunization with recombinant MP65 mannoprotein (r MP65 r or secretory aspartyl proteinase (r Sap2) conferred protection against vaginal candidiasis. Below, we reported examples of experiments, already performed, of the kinetics of vaginal infection in rats immunized intravaginally with the recombinant protein: r MP65 or r Sap2 [35, 56, 57] .
As shown in Figure 1A (which refers to one typical experiment out of four experiments performed with similar results), the rats immunized intravaginally with MP were characterized by early clearance of the fungal cells from the vagina, as compared to rats given the adjuvant or saline only, as demonstrated by nearly a 50% reduction of vaginal Candida counts by the first 48 h after challenge. This early, two-day clearance rate was significantly more pronounced in the animals immunized with the antigen plus adjuvant cholera toxin (CT), an effect that persisted for at least two weeks after challenge [35, 56] .
As shown in Figure 1B (which refers to one typical experiment out of four experiments that had similar results), immunization with the recombinant Sap2 resulted in statistically-significant acceleration of fungal clearance from the vagina in the first week of infection, both when the animals were only immunized with the antigen and, more significantly, when CT was co-administered with Sap2. The effect on fungal clearance somewhat faded away in the second and third week of infection. However, on Day 21, all CT plus Sap2-immunized animals were cleared of the infection, whereas all controls were still infected. No effect on clearance was shown by administration of CT only [56, 57] . 
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Then, we focused on Sap2 as a target, as it is the most characterized virulence trait of the fungus: a family of ten genes. It has a clear role in mucosal infection by C. albicans. It was overexpressed in the vagina and oral cavity, but not systemically. The Sap2-deleted mutant becomes avirulent, while that that is Sap2-reconstructed regains total virulence. Inhibition of Sap2 expression by pepstatin A exerts a marked therapeutic effect in vivo. Furthermore, Sap2 is involved in adhesion.
Our data provided clear evidence that it is possible to prevent C. albicans vaginal infection by active intravaginal immunization with aspartyl proteinase expressed as recombinant protein. This opened the way to a modality for anti-Candida protection in the mucosa [57] .
Summary of Our Studies for the Development of a Protective Vaccine for C. albicans Vaginal Infections
A few years ago, we started a collaboration with Pevion biotech, a Swiss Company that produces a vaccine consisting of virosomes. The virosomes were assembled with the recombinant protein Sap2, and a vaccine PEVION7 (PEV7) was obtained, which had Sap2 antigen presented on the surface of virosomes.
We examined whether the virosomal vaccine PEV7 conferred protection to rats experimentally challenged with C. albicans. For this purpose, rats were immunized with three intravaginal administrations of the vaccine and were challenged with Candida cells one month after the last immunization.
Immunization with the virosomal vaccine conferred a substantial protection from C. albicans challenge, as evidenced by the accelerated clearance of the Candida cells from the vagina and resolution of the infection at least one week before infection in controls: non-immunized rats or animals receiving only empty virosomes.
In the vaginal fluids of rats vaccinated with virosomes and Sap2, anti-proteinase antibodies (IgG and IgA) have been detected.
The results have given evidence that the vaccine constituted of virosomal and Sap2 (PEV7) has an encouraging therapeutic potential for the treatment of recurrent vulvovaginal candidiasis [58] .
After these preclinical studies, a phase I clinical trial was designed and performed by Pevion to assess the safety and immunogenicity of the PEV7 vaccine in healthy volunteers. Half of the subjects received intramuscular injections, while the other half will receive capsules, administered intravaginally. In total, the study enrolled 48 healthy women of childbearing age. The study demonstrated the generation of specific and functional B-cell memory in 100% of the vaccinated women. Half of the volunteers vaccinated with the intramuscular low dose of PEV7 received a single booster immunization 14 months after the primary vaccination course. All routes of vaccination showed a rapid and specific response, either in serum and/or in cervicovaginal secretion. An immune response of this magnitude in the cervicovaginal compartment was very encouraging with regards to the therapeutic potential of the vaccine [59] .
NovaDigm Therapeutics Inc. is a company developing innovative vaccines for fungal and bacterial infections. Its products include NovaDigmVaccine-3 (NDV-3), a vaccine contains the Als3 antigen, which facilitates Candida adherence to and invasion of human endothelial cells. This vaccine is currently in a phase 1b/2a clinical study for the prevention of recurrent vulvovaginal candidiasis [60] . Moreover, as described on the website (www.novadigm.net), the company has acquired the rights, in four separate transactions, to three well-studied Candida vaccine antigens. The three antigens acquired are hyphally-regulated protein 1 (Hyr1), secreted aspartyl proteinase 2 (Sap2) and a β-mannan conjugate.
Hyr1 was licensed from the Los Angeles BioMedical Research Institute at Harbor-UCLA Medical Center. The use of recombinant Hyr1 as a protective antigen was discovered by NovaDigm's founding scientists, led by John E. Edwards, Jr., MD, Chair of the Division of Infectious Diseases [61, 62] . Rights to Sap2 were acquired from Pevion, a Swiss biotech company, and Istituto Superiore di Sanità (ISS) in Rome, Italy.
Rights to the β-mannan trisaccharide conjugate were acquired from three leading academic researchers: David Bundle, PhD, Professor of Chemistry at the University of Alberta, Edmont AB, Canada; Jim E. Cutler, PhD, Professor (retired), Pediatrics and Microbiology, Immunology and Parasitology, School of Medicine; Louisiana State University, New Orleans, Louisiane, USA, and Mark Nitz, PhD, Professor of Chemistry, University of Toronto, Toronto, ON, Canada [63] .
Hyr1 is a component of the Candida cell wall that inhibits the innate immune system's ability to kill Candida. In preclinical studies, an Hyr1 vaccine conferred protection from systemic candidiasis in murine models by producing antibodies that reversed the inhibition of the immune system. Sap2 degrades essential components of the immune response and contributes to inflammation. A phase 1 study of a Sap2-based vaccine conducted by Pevion demonstrated favorable safety and immunogenicity, inducing the production of anti-Sap2 antibodies, which are thought to neutralize Sap2's involvement in immune evasion and to inhibit inflammatory responses. β-mannan is a key outer cell wall component of Candida, which may be involved in adhesion to host cells. Vaccines based on the conjugation of β-mannan to a protein carrier have demonstrated protection against both systemic and vaginal Candida infections in numerous preclinical studies.
The aim of the NovaDigm Company is to produce a multivalent vaccine that can induce an immune response against multiple virulence traits of Candida and can enhance the probability of success against C. albicans mucosal infections [60] .
Conclusions
The high incidence of RVVC and the difficulties controlling its occurrence with conventional anti-mycotic therapy constitute a strong medical need for the development of immunological treatments adding to, if not replacing, the current antifungal treatment. The use of exogenous cytokines, antibodies and immune-modulators is of potential interest [64, 65] , but the development of a safe and efficacious anti-Candida vaccine may be a better approach. Recently, several research teams developed antiCandida vaccination [57, 58, 66, 67] . Two of these vaccines have passed phase 1 clinical trials for safety and immunogenicity, and one of them has entered a phase 2 clinical trial. Both vaccines evidenced protection in rat and mouse models of vaginal infection by C. albicans, although with a slightly different mechanism of immunological protection [49] [50] [51] .
Other anti-Candida vaccines, from attenuated strains of C. albicans [52, 68] to a number of glycoconjugate of cell wall polysaccharides [69, 70] , have also been shown to be immunogenic and protective in experimental animal models, although these have not yet been entered into clinical trials in humans. However, Candida species contain a range of factors that facilitate tissue invasion by enabling the fungus to evade, modulate or exacerbate the host's immune system. Thus, a multi-antigen vaccine approach could significantly weaken the ability of Candida to escape from the body's immune system and provide a more effective vaccine. The combination of antigens that are related to C. albicans virulence factors may induce additive or synergistic immune responses, broadening the spectrum of protective antibodies and reducing the probability of fungal immune evasion. In addition, combined vaccines are likely to be more effective in protecting against the different site-and tissue-specific C. albicans infections, which have different mechanisms of pathogenicity [71] .
It is hoped that gynecologists will be offered a safe and protective anti-Candida vaccine in the not too distant future. In fact, a mucosal vaccine would improve the quality of life of the high number of women affected with RVVC.
